The dependence of organic magnetoresistance (OMAR) on the orientation of the magnetic field has been investigated. In contrast with previous claims, a finite and systematic change in magnitude is observed when the orientation of the field is changed with respect to the sample. It is demonstrated that, to explain these effects, spin-spin interactions have to be included in the models previously suggested for OMAR. Dipole coupling and exchange coupling are introduced in combination with either an anisotropy of the orientation of the spin pairs or an anisotropy in the hyperfine fields. In organic devices, considerable changes in the current have been observed when applying a magnetic field [1] [2] [3] [4] [5] [6] [7] [8] [9] . The name ''organic magnetoresistance'' (OMAR) has been suggested for this effect [1] . OMAR is generally believed to originate from spin correlations of interacting charge carriers. The spin states of such polaron pairs are mixed by the random hyperfine fields, which can be suppressed by an external magnetic field, resulting in a response on a typical field scale of a few millitesla [2] [3] [4] . Gaining a better understanding of the physics of OMAR will improve knowledge of (spin) transport in organic semiconductors and could help realizing possible applications, for instance, in adding magnetic-field sensing to cheap organic electronic devices.
The exact origin of OMAR is still widely debated. Although the spin mechanisms involved are similar, the polarons involved are different in the different models, like the electron-hole (e-h) pair models [2, [10] [11] [12] [13] [14] and the bipolaron model [3, 15] . So far, in the literature it has been claimed that OMAR is independent of the orientation of the applied magnetic field [13, 16] . The models suggested for OMAR have not yet included any mechanisms that could give rise to angle dependence.
In this Letter we report on angle-dependent measurements of OMAR. We show that changing the orientation of the applied magnetic field with respect to the sample results in a small but systematic change in the magnitude of OMAR. We show that both anisotropic spin-spin interactions and anisotropic hyperfine fields can explain the observed effects. We conjecture that this may provide a unique tool to discriminate between the suggested models.
We performed experiments on typical OLED-like devices, at room temperature. In discussing our results we will focus on devices with tris-(8-hydroxyquinoline) aluminum (Alq 3 ) as the active layer. We note that we observed similar results in PPV-based devices. The devices consisted of a glass substrate with a patterned indium tin oxide electrode on which poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) was spin coated (60 nm). Alq 3 (120 nm) was vapor deposited in a high vacuum system inside a nitrogen filled glove box, after which a top electrode consisting of LiFð1 nmÞ=Alð100 nmÞ was vapor deposited. The devices (active area 3 mm Â 3 mm) were transported to a different glove box in which they were electrically characterized. By using a dc magnetic field with a small ac modulation, the magnetic-field dependence of the current IðBÞ could be accurately determined by integrating dI=dB [17] . From IðBÞ, the magnetoconductance was calculated with MCðBÞ ¼ ½IðBÞ À Ið0Þ=Ið0Þ. The sample could be rotated with respect to the magnetic field, with an angle defined with respect to the sample normal. Both MCðBÞ at different , and IðÞ at different B were measured.
A small but clear difference in MC was observed between parallel ( ¼ 0 ) and perpendicular ( ¼ 90 ) alignment, with a larger MC for the perpendicular than for the parallel case, see Fig. 1(a) . The MC for intermediate angles shows an oscillation as a function of , see Fig. 1(b) . (A correction was made for a slowly increasing signal due to conditioning [18] .) Vertically plotted is MC 1 , which was obtained from fitting the MCðBÞ curves with a typical ''non-Lorentzian'' that is commonly seen in OMAR measurements:
where MC 1 is the MC at infinite magnetic field and B 0 is the half width at quarter maximum [1] . Within the accuracy of the fits, no change in B 0 was found, see Fig. 1(d) . The data can be accurately fitted with a cos 2 dependence. Direct measurements of IðÞ at fixed B confirm these findings (not shown). Moreover, they exclude induction effects from the ac field used. Finally, in Fig. 1(c) we find that the trend in the voltage dependence of the relative change in I, when changing the angle at 250 mT, is identical to the trend in the total magnitude of the MC. In passing, we note that this trend matches the commonly observed [18] MCðVÞ as shown in the inset of Fig. 1(a) . [For the origin of MCðVÞ many different suggestions have been made [5, 13, 14, 19] .] In the plotted voltage range the current changes from As the angle dependence appears to be a modulation of the OMAR effect, we have to look at the mechanisms suggested for OMAR to find a possible explanation. In the suggested models, the random hyperfine fields mix spin states of polaron pairs, which either have like charge (bipolarons, e.g., Ref. [3] ) or opposite charge (e-h pairs, e.g., Ref. [2] ). Such spin pairs can have singlet (S) or triplet (T) character. In the models, at low fields, the hyperfine field mixes S and all T states, while at high field S mixes only with T 0 because T þ and T À are Zeeman split with an energy larger than the hyperfine field, resulting in the typical OMAR curves.
Because the angle dependence was found to be largest at large B [ Fig. 1(a) ], we only have to focus on the mixing between S and T 0 . The strength of this mixing is determined by the energy difference between S and T 0 as compared to the hyperfine field B hf , see Fig. 1(d) . One of these two has to change in magnitude on changing the angle in order to explain the observed angle dependence, as illustrated by the vertical arrows. An energy difference between S and T 0 can originate from spin-spin interactions in the pairs, like exchange coupling or dipole coupling. It will be shown that the observed angle dependence can be explained by a finite spin-spin interaction in combination with an anisotropy in either the hyperfine fields or in the dipole coupling. Besides spin-spin interactions, we excluded several other possible sources of the angle dependence [1, 20] . We stress that although spin-spin interactions have been qualitatively linked to OMAR in general [2, 6, 19] , they have never been related to a possible angle dependence.
To explain the influence of dipole coupling, first we will discuss it in a simplified way based on a semiclassical picture. We can imagine the two spins of S to be pointing in opposite directions, while they are pointing in the same direction in T 0 , see Fig. 2 . The dipole energy of two spins pointing in the same direction is larger when they are head to tail than when they are next to each other. This means that for S and T 0 the angle between the magnetic field and the displacement vector R (as defined in Fig. 2 ) affects the strength of the dipole coupling between the two spins. The dipole coupling remains constant on precession of the spin in the magnetic field for B and R parallel [ Fig. 2(a) ], while it varies in the perpendicular case [ Fig. 2(b) ].
To quantitatively study the angle dependence including spin-spin interactions for the different models, it is necessary to use a density matrix description of the spin system of the two interacting polarons. In this treatment, the model can be generalized to cover both the e-h pair models and the bipolaron model [21] . Starting from free carriers, polaron pairs (e-e, h-h, or e-h, depending on the model) are created with a rate r, consisting of 1 4 r singlets and 3 4 r triplets. These S and T states can be mixed by the local hyperfine fields. The number of polaron pairs can be reduced via a spin independent step with rate q (e.g., dissociating back into free carriers), and via a spin dependent step with rates k T and k S (e.g., bipolaron or exciton formation). Only when k T and k S are different the suppression of the mixing by an external field can change the current through the system. This difference is the key assumption of the different models (e.g., k T ¼ 0 for the bipolaron model and k T Þ k S for the e-h pair model). In the different models, the resulting MCðBÞ depends linearly on ÁPðBÞ ¼ PðBÞ À Pð0Þ, where PðBÞ is the probability to perform a spin dependent step.
To calculate P we need to solve the density matrix from its equation of motion, for which we use the stochastic Liouville equation [22, 23] : The first term is the Liouville term describing the evolution of the density matrix under the influence of the Hamiltonian of the system H; here, the square brackets denote the commutator. This Hamiltonian includes hyperfine interactions,
where B is the Bohr magneton and g is the g factor of a polaron, and Zeeman splitting of the triplets,
The second term is a ''sink'' term that spin-selectively removes particles from the system, using the projection operator Ã; here, the curly brackets denote the anticommutator. Ã includes the rate q and projects with prefactor k T and k S on the triplet and singlet spin subspace, respectively. The last term À is a source term that adds random spin pair states. We investigate the slow hopping regime; i.e., the precession of the spins is much faster than the time between hops. We note that a similar angle dependence can be found in the intermediate hopping regime [20] . For a given configuration, can be solved from Eq. (1). The singlet ( S ) and triplet-pair density ( T ) are extracted from and used to calculate
To investigate the effects of spin-spin interactions, dipole coupling and exchange coupling are added. The dipole coupling term that is added to the Hamiltonian is [24] H dip ¼ D½S 1 Á S 2 À 3ðS 1 Á R=RÞðS 2 Á R=RÞ, where S 1 and S 2 are the spin operators of the two spins, and D is the dipole coupling strength;
3 Þ, where 0 is the permeability of free space and @ is Planck's constant. For a typical displacement of 1.5 nm, the dipole interaction strength is approximately 1 mT [24] . We note that this is a point dipole approximation, ignoring the three dimensional structure of the molecular orbitals. The exchange term that is added to the Hamiltonian is H ex ¼ ÀJð 1 2 þ 2S 1 Á S 2 Þ, with J the strength of the interaction. At large fields, where only S-T 0 mixing is relevant due to Zeeman splitting, the absolute energy difference between S and T 0 is 1 2 jDð1 À 3cos 2 Þ À 4Jj, where is the angle between the applied field and the displacement vector. This yields an angle-dependent mixing between the S and T 0 states and thus a difference in MC at large fields. Now that we have introduced all ingredients of our Hamiltonian, we discuss ÁPðBÞ obtained with Eq. (1) for two cases referred to as ''anisotropic R'' and ''anisotropic B hf .'' After that we compare with experiments. First, we include spin-spin interactions (anisotropic R), but use an isotropic hyperfine field. Figure 3(a) shows ÁPðBÞ for a parallel and perpendicular alignment of B and R. For this calculation, we averaged over an isotropic distribution of hyperfine fields with standard deviation B hf [25] . The curves show a typical OMAR shape and, most notably, ¼ 90 shows a larger magnitude, while the width remains nearly unchanged. The most prominent effect of the dipole coupling is to change the magnitude, which is in agreement with the conclusion from the experiments that the width of the MC curves is not affected.
In Fig. 3(b) , ÁP at infinite magnetic field is plotted as a function of angle. Without exchange coupling (J ¼ 0), unlike the experiments, a curve with four maxima is observed. These maxima are caused by the absolute value in the energy difference between S and T 0 being 2 À 1j. An angle dependence corresponding with experiments is obtained when also including a small exchange coupling (J Þ 0). In OMAR models, the exchange has so far been ignored because, being exponential with distance, it may be expected to either quench the effect or to be negligible. However, in the angle dependence the exchange coupling plays a more important role. If J À 1 2 D, the angle dependence will show a cos 2 behavior, see Fig. 3(b) , otherwise, more maxima are observed. The relative change is largest for J ¼ À 1 2 D. A similar link between exchange and dipole coupling has been suggested before to explain photoluminescence in organic crystals [26] .
Next, we investigate the role of an anisotropy of B hf . For this, as an example, we assume an anisotropic region where B hf is enhanced in the local z 0 direction with respect to the x 0 and y 0 components. Moreover, we average over many random B hf and assume nonzero isotropic spin-spin interactions by using J Þ 0, but note that using an isotropic dipole coupling gives identical results. Also in this case, an angle dependence is found (for the angle between B and the z 0 axis), see Fig. 3(c) . We find the largest magnitude for B perpendicular to the z 0 axis ( ¼ 90 ). This can also be seen from the P at infinite field as a function of angle in Fig. 3(d) . We confirm that no angle dependence is observed when J ¼ 0 [ Fig. 3(d) ], as there is no S-T 0 splitting to probe the anisotropic hyperfine fields, see also Fig. 1(d) . This confirms our conclusion that (isotropic) spin-spin interactions within those pairs that are relevant for OMAR have to be present in our samples. Now, we will compare the simulated angle dependence of the two different scenarios with the measurements. In the case of anisotropic R, in order to get agreement between the experiments [ Figs. 1(a) and 1(b) ] and the calculations [ Figs. 3(a) and 3(b) ], we have to assume ¼ , which corresponds to R aligning with the sample normal. As was illustrated in Fig. 2 , rotating the field with respect to the displacement vector results in a different (average) dipole coupling strength. If we now assume a preferential orientation between the spin pairs in a device, i.e., an anisotropy in the distribution of R, the introduction of a finite dipole coupling will directly give an angle dependence. Such a preferential R could originate from the electric field enhancing the probability of electrons and holes meeting from opposite directions, or blocking of bipolaron formation on a parallel percolation path.
In the case of anisotropic B hf [Figs. 3(c) and 3(d)], we have to assume ¼ , which corresponds to the direction of the enhanced hyperfine field aligning with the sample normal. Although the structure of the organic layer is considered to be amorphous, local ordering could give rise to an anisotropy. In the samples, the local breaking of symmetry can either originate from the structure of the sample or from the charge transport. First, it could be the case that the amorphous growth has some anisotropy related to the growth direction, possibly enhanced near the interface. Additionally, even while the number of regions with local order might be small, they might be probed more due to their higher mobility. Second, even without local order, charge transport will select pairs of molecules with favorable mutual alignment. As the charges have to traverse the thickness of the device, the fraction of the hops parallel to the electric field could thus show anisotropy.
Even our basic model with either anisotropic R or anisotropic B hf manages to describe the angle dependence well. It gives, for instance, the correct sign and periodicity, and the effects are of the correct order of magnitude for realistic parameters. So far, we only averaged over the random hyperfine fields, using constant dipole coupling, exchange coupling and transition rates. It is, however, very likely that the values of these parameters are distributed over a certain range, which could lead to subtle changes in the shape of the MCðBÞ curve [15] , its magnitude, and the angle dependence. Moreover, a ''self-selection mechanism'' might be at work where many pairs contribute to the MC, but only some of them have the right combination of parameters to show a noticeable angle dependence.
A challenging task will be to distinguish between the different OMAR models using the angular dependence. We believe this may be possible by performing further experiments with, for instance, magneto-photoluminescence, which could be used to exclude the effects of anisotropy caused by charge transport. Modifying the material such that the average distance between neighboring sites is changed, e.g., by changing side groups of the molecules, could help distinguishing between the role of dipole coupling and exchange coupling and might also result in different effects in the e-h model and the bipolaron model. Another interesting condition for studying angle dependence is around a sign change in MC [5] , as it has been suggested to be related to a transition from a bipolaron to an e-h model dominated regime [8] , although a small signal to noise ratio might be limiting in this range.
In conclusion, experiments show a clear dependence of the magnitude of OMAR on the orientation of the magnetic field, while the width of the MCðBÞ curve hardly changes. To explain these effects, spin-spin interactions have to be included in the models. We find that the spin-spin interactions are either anisotropic or are isotropic in combination with anisotropic hyperfine fields. We conjecture that this may provide a unique tool to discriminate between models suggested for OMAR.
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